Rapid method to fabricate microstructures using a combination of a spatial light modulator (SLM) and a galvanometer scanner with an infrared nanosecond fiber lasers is studied. Here the SLM is used as a computer generated hologram which can be applied to modify laser pulses intensity distribution virtually almost arbitrary. SLM is used to separate nanosecond pulses into the several spots so that multiple spots can be machined simultaneously with a fast ablation rate. In this paper it is shown that the micro-machining speeds that can be realized using a combination of the SLM and the scanner, are not always possible to realize using merely scanner. It is shown that about 0.6 million spots per second can be ablated in silicon using this combination.
Introduction
Recently, interest of using the liquid crystal on silicon spatial light modulators (Lcos-SLM) in various laser processing applications has increased [1] [2] [3] [4] . This is because of the technical development of these adaptive spatial phase elements has enhanced their physical properties, like light utilizing efficiency, amount and size of the pixels. Added to these, technical development had made possible to use them with the lasers that are suitable for the various laser processing applications. Nowadays, they can be applied with both relatively high peak and average power laser pulses [1, 5, 6] .
SLMs can modify the spatially phase of the linearly polarized light and therefore they can be used as an adaptive computer generated holograms (CGH). This enables not only almost arbitrary modification of the laser beams intensity profile but it can be also made online [7] . By using special designing methods it is not only possible to adjust divided spots position in time and 2-dimensional surface but their ablation depth can be also adjusted [8] .
Previously, it has been shown that the SLMs can be used with the ultrashort lasers both in visible and IR wavelengths [1, 5] . Also longer pulses in visible wavelengths have been studied but not in IR wavelengths [6] . In this paper, IR nanosecond pulses are applied with the SLMs using a simple optical configuration. One major benefit of using IR nanosecond laser instead of ultrashort lasers is that their purchase prices are lower. Compared to single pulse ablation using galvanometer scanner (scanner), with the SLM and scanner it is possible to hasten ablation processes, like marking and precise machining, where high fluences are not always tolerated. Usually repetition rate of the laser is the factor that limits the number of marks per second but in case of the SLM main limiting factor is the pulse energy.
Experimental setup and optical design
Two different lasers were used in studies: IPG YLP-20 and IPG YLP-100. Basic information of these lasers is shown in Table 1 . Both of these Gaussian shaped pulse lasers operate with about 1065 nm wavelength and they are randomly polarized. For both lasers the diameter of the beam is 7.5 mm after the laser head. Schematic of the optical setup used in studies is shown in Figure 1 . Polarization of the randomly polarized pulses is first purified using polarizing beam splitter (PBS). Unwanted polarization of the pulses is guided into beam block and therefore half of the lasers power is lost in this point. This means that the maximum available power in SLM with used lasers were 10 W and 50 W. After PBS pulses are guided with mirror into the SLM with an angle of 3 degree. SLM was cooled from the backside of liquid crystal panel using standard water cooling unit of desktops CPU. From the SLM, pulses are guided into the galvanometer scanner from Scanlab (hurryScan II) with f = 100 mm F-theta lens. Distance between SLM and scanner was about 800 mm.
Design of the computer generated holograms were made using self-build Iterative Fourier Transform Algorithm (IFTA) based program made using Matlab [9] . Fresnel lenses were applied in calculations of the CGH [10, 11] , which makes possible to avoid influence of the 0 th diffraction order [12] . With this way the 0 th -order is focused into different plane than the wanted diffraction pattern. According to manufacturer of the SLM, typical total light utilization efficiency of the SLM in wanted diffraction order is about 70%. This is also taken into account in calculations shown in this paper.
In CGH Fresnel lenses with f fress = -500 mm were applied. With these parameters the effective focal length of this two-lens system is f eff = 41.7 mm. Because the negative Fresnel lens was used, image plane of the wanted diffraction order is about 8.3 mm after the focus of the 0 th -order (108.3 mm from the f-theta lens). Because this working area of this double lens system is slightly larger than working area of the f-theta lens. With f-theta lens the working area is about 70 mm x 70 mm, but with the combination of the SLM and f-theta lens the working area is about 75 mm x 75 mm. However, with used f-theta lens it has been seen that to avoid aberration it is best to keep working area in 50 mm x 50 mm. Therefore the maximum used working area of SLM and scanner system was 55 mm x 55 mm. Within this working area the no change or distortions on diffraction pattern was observed. Resolution of the used galvanometer scanner was about 10.7 μrad. This means that without Fresnel lens minimum possible movement is 1.07 μm and with it 1.16 μm.
Experiments and results
In first studies, IPG YLP-20 was applied to ablate letters into the steel. In these studies, 20 kHz repetition rate and maximum power (P = 10 W in SLM) were applied. SLM was used to generate CGH that divides pulses into V-and T-letters so that each letter consists of 9 spots. These letters were ablated separately using scanner so that they generate VTT-letter combination. Diameter of the single spot was about 25 μm and distances between neighboring spots were about 30 μm. If we take into account losses in SLM, fluence F can be estimate to be F = 27 mJ/cm 2 . Each letter was irradiated separately using four pulses to have visually good contrast in relatively rough surface. Microscope images of these results can be seen in Figure 2 . Here (b) is magnification from (a) and (c) from (b). With these parameters about 5000 letters or 45000 holes can be ablated in one second. If similar spacing between letters would be used with this laser it would mean that larger than 25 mm x 12 mm area could be ablated in one second. Naturally same could be realized using merely the scanner but not same ablation speed could be achieved. Although the full repetition rate of the laser (80 kHz) could be used, it would have taken much more time because of the limited maximum speed of scanner.
IPG YLP-20 was also used to ablate periodic hole-arrays into the silicon. Also in this case maximum power 10 W (in SLM) and repetition rate of 20 kHz was used. With single pulse 15 holes were ablated. Diameter of the holes was about 6 μm and period of them about 12 μm. This means that used fluence was about F = 70 mJ/cm 2 . In this case 0.3 million holes per second can be ablated. With these parameters, it means that larger than 6.5 mm x 6.5 mm area can be ablated in one second.
Ablation of VTT-letter combination was also realized using IPG YLP-100. These results can be seen in Figure 3 . In these images, (b) is magnification of (a) and (c) from (b). Here letters are ablated into the silicon using single pulse. Diameter of these single spots was about 7 μm and distances between them were about 25 μm. Here V-letters consists of 11 holes and T-letters 10 holes. In these experiments the maximum power 50 W (in SLM) and 50 kHz repetition rate was used. This means that in V-letters fluence was F = 155 mJ/cm 2 and respectively in T-letters F = 170 mJ/cm 2 . Using these parameters it is possible to ablate 50 000 letters or more than 0.5 million holes per second. If similar distances between the letters are used, this means that about 61 x 19 mm 2 can be ablated in one second. This kind of marking speed is already in limits if merely the standard scanner and laser with faster repetition rate would be used.
Maximum amount of visible dots that could be still ablated with IPG YLP-100 using 50 kHz repetition rate and 50 W power (in SLM) in silicon was 12. Microscope images of these ablations can be seen in Figure 4 . Here (b) is magnified image of (a) and (a) from (c). In this case the fluence was F = 107 mJ/cm 2 . Diameter of the holes was under 10 μm and period of them about 25 μm. With these parameters it is possible to ablate 0.6 million holes per second. This means that area of 19 mm x 19 mm could be ablated in one second if 25 μm periods are used. In these experiments hole-array was ablated into the shape of the VTT-logo, see Fig. 4 (c) . Making this took only few seconds. As it can be seen, the VTT-logo visually diffracts light because the small enough periodic structure.
Discussion and Conclusions
Usage of the infrared pulsed nanosecond fiber laser with the spatial light modulator using the galvanometer scanner was shown. SLM was used as an adaptive comput- er generated hologram. CGH was used to divide pulses into several spots so that multiple marks could be ablated simultaneously. It was shown that with this kind of combination it is possible to achieve such ablation rates that are not always possible to handle when using merely scanner. In studies it was shown that about 0.6 million holes per second could be done in one second. This kind of ablation speed is already in limits or even over if merely faster laser and standard galvanometer scanner would be used. It might be still possible to ablate holes near to each other but holes relatively far from each other would be impossible.
In these experiments only shallow structures were studied. Naturally if more pulses would be applied SLM would be still faster option than merely galvanometer scanner. In case of the IPG YLP-100 in these experiments it was seen that even if we do not take into account scanner movements SLM is about 6 times faster than simple scanner. Naturally if we would take into account the scanner movements this factor would be larger.
In our studies, lasers with randomly polarized pulses were used. This causes that only half of the laser power can be utilized into the wanted diffraction pattern, because SLM can only modify phase of the linear polarized light. Therefore lasers used in studies are not optimal to be used with SLMs but unfortunately no better lasers were available for the studies.
During the studies it was seen that cooled SLM can handle more than 50 W average power of nanosecond pulsed laser irradiation so even more could be applied with it. Therefore in a future, nanosecond lasers with more power will be tested with this kind of SLM. We believe that ablation rate of the hole arrays can be hastened with more than factor of 10. Added to laser marking and precise micro-machining this also opens new possibilities for usage SLM in a new field of laser applications. 4 Optical microscope images of dot-matrix array ablated into silicon. Diameter of the holes is under 10 μm and period of them is 25 μm. Here (a) is magnification of (c) and (b) from (a). Dot matrix array was ablated into shape of the VTT-logo (c). In this logo, visual diffraction effect can be observed because of the small enough periodic structure.
